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Accurate and precise marine CO2 system measurements are important for marine carbon cycle research
and investigations of ocean acidification. Seawater pH is important because it can be used to characterize
a wide range of chemical and biogeochemical processes. Saturation states of calcium carbonate minerals,
which are directly proportional to carbonate ion concentration ([CO32]), influence biogenic calcification
and rates of carbonate dissolution. Spectrophotometric pH and carbonate ion measurements can both
benefit greatly from the high sensitivity, stability, consistency and processing speed made possible
through automation. Spectrophotometric methods are well-suited for shipboard, underway and in situ
deployments under harsh conditions. Spectrophotometric pH measurements typically have a repro-
ducibility of 0.0004e0.001 for shipboard and laboratory measurements and 0.0014e0.004 for in situ
measurements. Shipboard spectrophotometric measurements of [CO32] are becoming common on
research expeditions. This review highlights the development of methods and instrumentation for
spectrophotometric pH and [CO32] measurements, and discusses the pros and cons of current tech-
nology. A comprehensive summary of the analytical merits of different flow analysis instruments is
given. Aspects of measurement protocols that bear on the quality of pH and [CO32] measurements, such
as indicator purification, sample pretreatment, etc., are also described. Based on three decades of
experience with seawater analysis, this review includes method recommendations and perspectives
directly applicable or potentially applicable to pH and [CO32] analysis of seawater.
© 2019 Elsevier B.V. All rights reserved.
J. Ma et al. / Analytica Chimica Acta 1081 (2019) 18e31 191. Introduction
The seawater carbonate system influences the Earth's climate by
regulating the flux of CO2 between the ocean and the atmosphere.
Since the industrial revolution, the ocean has absorbed about 30%
of the CO2 released into the atmosphere [1]. While this process may
lessen the impact of anthropogenic CO2 emissions into the atmo-
sphere, it has also led to significant changes in seawater chemistry
[2]. These changes are collectively referred to as ocean acidification
(OA). The International Panel on Climate Change (IPCC) Workshop
on Impacts of OA on Marine Biology and Ecosystems (2011, p.37)
defined OA as "a reduction in the pH of the ocean over an extended
period, typically decades or longer, which is caused primarily by up-
take of carbon dioxide from the atmosphere, but can also be caused by
other chemical additions or subtractions from the ocean." As atmo-
spheric CO2 enters the ocean it forms carbonic acid, and dissocia-
tion of this acid lowers the pH of seawater (i.e., increases its acidity)
and changes the carbonate system. This process reduces the buff-
ering capacity of seawater, which becomes a major concern due to
its potential impacts on organisms, ecosystems, and biogeochem-
ical cycles [3,4]. The pH of surface seawater has decreased by about
0.1 since the industrial revolution, corresponding to a 26% increase
in hydrogen ion concentration [5]. Depending on future emissions,
earth system models project an additional pH decrease ranging
from 0.06 to 0.32 by 2100. The latter value, based on the best-
estimate current emissions trajectory, is equivalent to a 163% in-
crease in hydrogen ion concentration relative to preindustrial times
[6]. OA reduces carbonate ion concentrations and the saturation
states of calcite and aragonite (Ucalcite and Uaragonite), with potential
concomitant reductions in biogenic calcification and enhancement
of calcium carbonate dissolution [3]. On a global basis, the average
rate of change of surface seawater pH is currently about 0.002
yr1, and the yearly change in Uaragonite is approximately 0.008
yr1 [7].
In addition to chemical controls, the seawater carbonate system
is influenced by biological processes including photosynthesis,
respiration, and calcification, as well as physical processes such as
air-sea exchange, heat exchange, and water mass mixing. An un-
derstanding of the temporal and spatial variability of the seawater
carbonate system is important for assessments of OA effects and
marine carbon cycling [8e10]. The carbonate system can be fully
resolved using characterizations of seawater acid-base equilibria. In
principle, using any two of the four commonly measured parame-
ters: pH, partial pressure (pCO2) or fugacity (fCO2) of CO2, total
alkalinity (TA), and dissolved inorganic carbon (DIC), along with in
situ temperature, salinity and concentrations of minor acids (e.g.,
boric acid, phosphoric acid, silicic acid, hydrogen sulfide) and bases
(e.g. ammonia), all other parameters, including calcium carbonate
saturation states can be calculated [11]. However, calculations using
different pairs of selected parameters will generate a range of un-
certainties due to nonlinear propagation of both analytical errors
and uncertainties in equilibrium constants [12]. While, ideally,
measurements of all four parameters should be obtained to provide
the most accurate carbonate system characterization, due to limi-
tations of time, workforce resources and instrumentation, only two
parameters are generally measured. For example, the pH-pCO2 pair
is the most common pair for in situ measurements, and the TA-DIC
pair is commonly chosen for shipboard discrete measurements
[13].
Seawater pH plays a crucial role in marine chemistry because it
serves as a master descriptive variable in equilibrium calculations
that involve exchange of hydrogen ions [9,14]. Solution pH is
influenced by essentially all of the acid-base pairs in sea water,
particularly the inorganic carbon species, and is thus indicative of
processes involved in biological production and respiration [15]. Asa seawater CO2 system master variable, pH is used to describe the
partitioning of DIC into carbonic acid (H2CO3), bicarbonate (HCO3),
and carbonate ions (CO32) [16]. Increasing hydrogen ion concen-
trations in seawater favors the protonation of CO32 (forming
HCO3). Decreased [CO32] in seawater impacts the saturation state
(U) of CaCO3 minerals as defined by the following relationship:
U¼ [Ca2þ] [CO32]/K'sp
Where [ ] denotes equilibrium concentrations, and K'sp, the stoi-
chiometric solubility product, is a function of temperature, salinity,
pressure, and the identity of the mineral phase (e.g., aragonite or
calcite). In a thermodynamic sense, U> 1 indicates that mineral
precipitation is favored while U< 1 indicates dissolution is favored.
However, biogenic calcification is also subject to "virtual effects"
such as organic shell coatings and species-specific calcification
mechanisms, and therefore calcification/dissolution can occur even
when ambient U values indicate oppositional thermodynamic ef-
fects [11,17]. At sufficiently low saturation states, shell formation is
prevented and dissolution of existing shell occurs [18].
Glass electrodes are popular for pH measurements due to their
simplicity and low cost. However, the influence of reference elec-
trode liquid junction potentials and their variations with salinity
are critical issues for applications of glass electrodes in seawater.
Even with frequent calibrations, large systematic errors in pH
measurements can still occur due to differences in liquid junction
potentials between pH standards and sample solutions [19]. Spec-
trophotometric pH measurements are based on absorbance ratio
measurements of sulfonephthalein pH indicators, allowing simple,
precise, accurate assessments of seawater pH [20]. Long-term
reproducibility makes spectrophotometric pH ideal for ocean
acidification studies on large temporal and spatial scales [21].
Spectrophotometric pH measurements can be used for calibration
of pH buffers as their pH changes through uptake of CO2 in the
laboratory [22], or directly employed as a reference method for
other pH measurement techniques [23,24]. Spectrophotometric
indicators have also been used for accurate and precise measure-
ments of other carbonate system parameters, including pCO2
[25,26], TA [27e29], organic alkalinity [30], and DIC [31,32]. Re-
searchers who study ocean acidification effects on marine organ-
isms in laboratory or mesocosm incubations also commonly
measure spectrophotometric pH while controlling other carbonate
parameters [33]. The importance of spectrophotometric pH mea-
surement methods is also reflected in the outcome of national
competitions for affordable chemical sensing technology, such as
the Wendy Schmidt Ocean Health XPRIZE ($2 million USD) for
ocean pH sensing [34].
Historically, [CO32] has not been directly measured in seawater
due to a lack of suitable analytical methods. Instead, [CO32] has
typically been calculated from any two of the four primary CO2
system parameters: pH, fCO2, DIC and TA [11,12]. In 2008, Byrne and
Yao demonstrated the use of UV spectrophotometric de-
terminations of Pb(II) equilibrium speciation in seawater to directly
determine carbonate ion concentrations at a fixed temperature of
25 C [35]. This method has subsequently been refined and used for
oceanic observations [36e39]. Very recently, this methodology was
extended to awider temperature range, allowing all measurements
to be performed at in situ temperatures [40]. Automated spectro-
photometric measurements of [CO32] were first reported by
Shangguan et al. [41]. In addition to spectrophotometric methods,
acidimetric titrations with UV detection [42] and micro carbonate
ion electrodes have been used for measurements of carbonate ion
concentration [43].
Accurate characterizations of key parameters are essential for
understanding ocean carbonate chemistry and the impacts of ocean
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Ocean Acidification Observing Network (GOA-ON) [18] has further
promoted efforts to standardize measurement quality for the most
frequently measured CO2 system parameters. Analytical methods
should describe the accuracy and precision required to meet the
GOA-ON "weather" and the "climate" goals. The former indicates
the capability to identify relative spatial patterns and short-term
variations underlying impacts on local, immediate OA dynamics.
The latter goal describes high confidence level measurements
capable of assessing long-term trends (multi-decadal time scales)
in order to detect anthropogenically driven changes in carbon
chemistry. Several comprehensive [13,14,44,45] and specific re-
views [46,47] of carbonate system measurements in seawater have
been published. The aim of this review is to highlight the devel-
opment of methods and instrumentation for spectrophotometric
pH and CO32 measurements, and discuss the pros and cons of
current technology. A comprehensive summary of the analytical
merit of different flow analysis instruments is given in Table 1. It
should be noted that each of the instruments described in Table 1
have their particular merits, and that precision and accuracy can
be improved with new developments such as indicator purification
or improvements of detection systems. Fig.1 shows several pictures
of instruments for bench top, underway, and in situ measurements
of pH. Aspects of measurement protocols that bear strongly on the
quality of pH and carbonate ion measurements are included in this
discussion, such as indicator purification, sample pretreatment, etc.
This review focuses on publications involving methods develop-
ment. Brand names of commercial products are mentioned only to
the extent that they have been previously discussed in scientific
literature. The authors have no commercial conflicts of interest.
2. Spectrophotometric determination of pH
2.1. Principles
Robert-Baldo et al. [48] firstly reported the principles of spec-
trophotometric determination of seawater pH using indicator dye
and a spectrophotometer. Byrne's group has since evaluated a
number of sulfonephthalein indicators for seawater pH measure-
ments, with the choice depending largely on each indicator's
dissociation constant, K. The suite of seawater-relevant indicators
includes thymol blue (pKa ~8.6) [22,49], phenol red (pKa ~7.5)
[48,50], cresol red (pKa ~7.8) [51], andmeta-cresol purple (mCP, pKa
~8.0) [20]. The pKa of the indicator should be comparable to the
expected pH of the indicator-seawater solution, so that pKa-
1pH pKa. The two most widely used sulfonephthalein in-
dicators for seawater pH measurement are mCP and thymol blue.
The indicator mCP is most appropriate for surface-to-deep pH
profiles in the open ocean, while thymol blue is most appropriate
for surface seawater.
Spectrophotometric pH determinations are based on additions
of indicator dyes to seawater samples, producing colors and ab-
sorption spectra that are indicative of pH. An in-depth discussion of
the theoretical basis for spectrophotometric pH measurements is
given in Clayton and Byrne [20]. Other researchers have also
described the principles of pH measurements (e.g. Refs. [15,19,49]).
Sulfonephthalein indicators exist in three forms, H2I, HI and
I2, with distinct differences in absorption characteristics. With the
fully unprotonated indicator designated as I2, the relevant chem-
ical equilibria can be expressed as follows:
H2I!H
þ þHI K1 ¼

Hþ

HI

½H2I
(1)
andHI!Hþ þ I2 K2 ¼

Hþ
h
I2
i

HI
 (2)
The H2I form of indicators is dominant only under substantially
acidic conditions (pH~2) for all sulfonephthalein indicators. For
typical surface seawater (pH~8.1),mCP and thymol blue are present
as HI and I2 [20]. The absorbance spectra of HI and I2 forms of
mCP together with the intensity spectra of specific light-emitting-
diodes (LED) are shown in Fig. 2(a).
Changes in sulfonephthalein absorbance with pH can be written
as:
lA
DT,l
¼ lεHL þ lεLK2

Hþ
1
1þ K2

Hþ
1 (3)
where lA denotes absorbance at wavelength l, DT represents total
concentration of indicator dye, l is path length, lεHL and l
ε
L are HL

and L2 molar absorptivities at wavelength l, K2 is the dissociation
constant given in equation (2), and [Hþ] denotes the hydrogen ion
concentration [22].
If equation (3) is used in absorbance measurements at two
wavelengths (l1 and l2), it can be algebraically transformed to
express pH in terms of absorbance ratios (R) [51]:
pH¼pK2 þ log

R e1
e2  R,e3

(4)
where pK2, the negative logarithm of second dissociation constant
of the pH indicator, is strongly dependent on temperature and
salinity. The e1, e2, e3 terms in equation (4) are ratios of molar ab-
sorption coefficients:
e1 ¼ l2
εHL
l1εHL
; e2 ¼ l2
εL2
l1εHL
; e3 ¼
l1εL2
l1εHL
(5)
where the molar absorption coefficients of HL at l1 and l2 are
given as l1εHL and l2ε

HL, and the molar absorption coefficients of
L2 at l1 and l2 are given as l1ε2L and l2ε
2
L .
The ratio of indicator absorbances at wavelengths l1 and l2 is
given as
R ¼ Al2
Al1
(6)
After the molecular properties of an indicator have been well
characterized (in this case, K2 and ei), spectrophotometric pH
measurements are inherently calibrated and can be termed "cali-
bration free" (i.e. no further standardizations are needed).
Furthermore, it has been noted that, subsequent to refinements in
measurements of indicator equilibrium constants and ratios of
molar absorption coefficients, historic spectrophotometric pH data
can be corrected as long as original absorbance data (R ratios) and
measurement conditions are recorded [20]. It should be noted, as
well, that indicators should be purified and, in the absence of pu-
rified indicator, researchers need to save some of their impure in-
dicator for later comparisons (further discussion in Section 2.3)
[52].
The indicator mCP has been calibrated in NaCl solutions from 5
to 45 C and ionic strength from 0.03 to 5.5M, extending pH
measurement capabilities to some natural waters at high ionic
strength [53]. Raghuramann et al. [54] characterized the dissocia-
tion constant of cresol red over a temperature range from 293 to
373 K, a pressure range of 0.101325e65.5MPa, and ionic strengths
between 0 and 3M. More recently, Müller and Rehder [55]
Table 1
An overview of publications on spectrophotometric pH measurement for shipboard/underway/in situ analysis.
Publication
Year,
reference
number
Last name of
first and
corresponding
author
Indicator information
(type, final
concentration, sample/
indicator ratio)
Flow
modea
Detection system (light source,
detector, flow cell pathlength)
Analytical performance (precision, accuracyb,
sample throughput)
Comments
1995, 71 Bellerby,
Bellerby
Unpurified phenol red,
20 mM, 120:1
FIA Benchtop spectrophotometer (Cecil
CE 2020), 1 cm flow cell (Hellma)
0.005, no accuracy data, 25 h1 - FIA mode
without
complete
mixing
2000, 76 Tapp, Hunter Unpurified thymol
blue, 20 mM, 50:1
CFA Tungsten halogen lamp, CCD
detector (OceanOptics PS 1000),
1 cm lab-made cell
0.0007, 0.002e0.005 (Benchtop
spectrophotometer), 180 h1
- Perturbation
effect
evaluated
2002, 79 Bellerby,
Bellerby
Unpurified thymol
blue, 1.5e2 mM, no
ratio data
FBA Tungsten halogen lamp, CCD
detector (OceanOptics SD 1000),
4.4 cm lab-made cell
0.001, 0.004 (theoretical calculation), 20 h1 - Flow cell is too
large
2003, 89 Martz,
DeGrandpre
Unpurified cresol red,
no concentration and
ratio data
FIA Low-power tungsten lamp, three
photodiodes, 1.72 cm
In lab precision of 0.001 (borate buffer,
n¼ 10), 0.003± 0.004 (benchtop
spectrophotometer, borate and phosphate buffer,
n¼ 16), 4 h1 (can be higher)
- 50 mL indicator
and 1.6mL
sample
- Commercial
instruments
- 8 days
deployment
2004, 72 Friis, Friis Unpurified mCP, 3
e6 mM, 667:1
FIA Tungsten halogen lamp, two
channel CCD detector with cooling
unit (Ocean Optics SD2000), 10 cm
(Hellma)
Precision of 0.0012 (n¼ 29, shor-term) and 0.0032
(at-sea, CRM, n¼ 67), 0.0016 (CRM), no throughput
data
- 50mL sample
in syringe
- Consistency
check with TA-
DIC data
2006, 86 Liu, Byrne Unpurified thymol
blue, 11 mM, ~700:1
CFA Tungsten halogen lamp, CCD
detector (OceanOptics S2000), 10
e15 cm lab-made cell (PEEK or
LCW)
0.0014 (in situ), no accuracy data, 1800 h1 - Vertical
profiler
- River water
2006, 87 Nakano,
Nakano
Unpurified mCP, 3 mM,
110:1
CFA Halogen lamp, stepper motor for
rotating filter to get different
wavelength, 10 cm
0.002, 0.002± 0.005 (n¼ 25), 60 h1 - Vertical
profiler to
1000m
2007, 77 Ohline, Hunter Unpurified thymol
blue, 80 mM, 50:1
CFA Tungsten halogen lamp, CCD
detector (OceanOptics USB 2000),
1 cm
0.00086, no accuracy data, 15 h1 - Use full
spectrum data
instead of 3
wavelengths
2007, 78 Wang, Byrne Unpurified thymol
blue, 2e3 mM, ~700:1
CFA Tungsten halogen lamp, CCD
detector (OceanOptics USB2000),
15 cm lab-made cell
0.001 (n¼ 894), 0.0012± 0.0042 (benchtop
spectrophotometer, n¼ 68), 7-8 h1 (can be
higher)
- Underway
analysis
- Together with
TA and fCO2
2008, 90 Seidel,
DeGrandpre
Unpurified mCP, no
concentration and ratio
data
FIA Low-power tungsten lamp, three
photodiodes, 1.1 cm "Z" flow cell
0.0007, 0.0042± 0.0126 (n¼ 883) of two
instruments, accuracy of 0.0017, 2 h1 (can be
higher)
- 50 mL indicator
and 5.0mL
sample
- Commercial
instruments
- 22 days
deployment in
freshwater
2011, 73 Abmann,
Abmann
Unpurified mCP, no
concentration and ratio
data
FIA White LED, CCD detector
(Hamamstsu C10082CAH), 1 cm
lab-made cell
0.0007 (Tris buffer, n¼ 37), accuracy of 0.0005
(reference system) and 0.0081 (Tris buffer), 60 h1
- Several
underway
cruises
- FIA mode
2013, 82 Carter, Carter Unpurified mCP, no
concentration and ratio
data
FBA (in-
syringe
mixing)
Benchtop spectrophotometer (HP
8453), 10 cm water jacketed cell
0.0004, 0.0055 (theoretical calculation and CRM),
15 h1
- 60mL sample
- >5000 at-sea
measurements
2013, 74 Rerolle, Rerolle Unpurified thymol
blue, no concentration
data, 25:1e80:1
FIA Three LEDs mounted in a single
package, CCD detector (OceanOptics
HR4000), 1 cm microfluidic cell
0.001 (short-term, n¼ 20), 0.004 (Tris buffer), ~15
h1
- In situ
temperature
- Low reagent
consumption
- Incomplete
mixing
- >5000
underway data
2015, 88 Wang, Wang Unpurified thymol
blue, 2e3 mM, 700:1
CFA LED, CCD detector (OceanOptics
USB4000), 1 cm
0.0010, 0.0024, - Together with
DIC
- Deployment on
dock
2016, 81 Reggiani,
Reggiani and
King
Unpurified thymol
blue, 10 mM, 200:1
FBA Four LEDs, mini CCD detector
(OceanOptics STS VIS-NIR), 3.8 cm
lab-made cell
0.0005, <0.003 (Tris buffer and CRM), 12 h1 - Perturbation
effect
evaluated
(continued on next page)
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Table 1 (continued )
Publication
Year,
reference
number
Last name of
first and
corresponding
author
Indicator information
(type, final
concentration, sample/
indicator ratio)
Flow
modea
Detection system (light source,
detector, flow cell pathlength)
Analytical performance (precision, accuracyb,
sample throughput)
Comments
2016, 92 Gonzalez-
Davila,
Gonzalez-
Davila
Unpurified mCP, no
concentration and ratio
data
FIA Tungsten halogen lamp, CCD
detector (OceanOptics USB4000),
1 cm "Z" cell
0.0005e0.0015 (different CRM at different
temperature, n¼ 14e20), 0.007 (CRM), no
throughput data
- Deployment on
a buoy over 1
year (6 h/
sample)
- Commercial
instrument
2018, 91 Lai,
DeGrandpre
Purified mCP, 360 mM,
no ratio data
FIA Two LEDs, two photodiodes, 1.1 cm
"Z" flow cell
±0.003, ±0.004, response time of 1min - 20000
measurements
using 1 L
reagent
- Commercial
instruments
- 150 days
deployment in
costal seawater
a Flow mode includes FIA (flow injection analysis), CFA (continues flow analysis) and FBA (flow batch analysis).
b Accuracy is evaluated using Tris buffer, CRM, or compared with pH measured using benchtop spectrophotometer or pH calculated with DIC and TA, or using a theoretical
calculation based on uncertainty analysis.
Fig. 1. Pictures of (a) Standard benchtop instrument with cells (Agilent 8453), courtesy
of Dr. R.H. Byrne. (b) Underway system (SP101-LB), courtesy of Sensorlab SL. (c) Un-
derway system (new version of MICA), courtesy of Dr. R.H. Byrne. (d) In situ sensor
(new version of SEAS), courtesy of SRI International. (e) In situ sensor (SAMI), courtesy
of Sunburst Sensors. (f) In situ sensor (SP200-SM), courtesy of Sensorlab SL.
Fig. 2. (a) Intensity spectra of the LED light sources (solid lines) and absorbance spectra of
Pb(II) absorbance spectra in seawater at S¼ 35.7 and 25 C for a range of carbonate ion co
J. Ma et al. / Analytica Chimica Acta 1081 (2019) 18e3122presented the first characterization of purified mCP directly linked
to primary pH standards over a wide range of salinity, including
estuarine conditions, S 20.
The apparent dissociation constants of five sulfonephthalein
indicators (thymol blue, bromophenol blue, bromocresol green,
bromocresol purple and phenol red) have been determined in
seawater (salinity of 35) at 25 C, forming a basis for quantitative
determination of seawater pH over the pH range 1.5e8.5 [56].
However, natural seawater doesn't have such low pH, and fully
useful calibration experiments should be conducted over a range of
salinity and temperature.
The effect of pressure on protonation and absorbance charac-
teristics of thymol blue and mCP has been evaluated by
Refs. [57,58]. In combination with indicator dependencies on tem-
perature and salinity, this allows pH determinations at in situ
conditions.2.2. Perturbation effect
As pH indicators are acid/base pairs, addition of indicators to
solutions will generally cause small changes in sample pH. This
phenomenon is referred to as the "perturbation effect". The
magnitude of the effect depends on the difference between the pH
of the sample, the pH of the stock dye solution, and the buffering
intensity of a sample. As such, perturbation effects can be especially
important for samples that have low alkalinities and, thereby, low
buffer intensities. Perturbation effects are accounted for using a pHthe acidic and basic forms of mCP (dashed lines) [68], with permission of Elsevier. (b)
ncentrations [36], with permission of ACS publications.
J. Ma et al. / Analytica Chimica Acta 1081 (2019) 18e31 23correction procedure. There are two approaches to correct for
perturbations caused by the dye additions: theoretical and empir-
ical. A theoretical method based on the equilibrium speciation
program MARINHALT was developed to determine changes in pH
that result from dye additions to samples with oceanic alkalinity
[59]. This approach does not account for the changes in acid-base
chemistry that are caused by uptake of CO2 by indicator stock so-
lutions over extended periods of time. The empirical approach
developed by Clayton and Byrne [20] is based on the observation
that, for small additions of indicator, DpH changes linearly with the
amount of added dye and that, for a given composition (i.e., pH) of
indicator titrant, the DpH perturbation has an empirically observ-
able dependence on the sample pH or the indicator absorbance
ratio in the sample.
2.3. Impurities in pH indicators
Precise spectrophotometric pH measurements are based on
well-characterized molecular indicator properties. Therefore, im-
purities in indicator dyes can interfere and compromise calibration
accuracy, leading to erroneous pH values. In 2007, Yao et al. [52]
firstly found that mCP from different manufacturers, and perhaps
from different batches of the same manufacturers, have different
types and quantities of light-absorbing impurities which can cause
seawater pH errors as large as 0.01 pH units or more. This finding
can explain previously inconsistent pH results obtained by different
researchers. These impurities dominantly absorb near 434 nm, the
wavelength of the HI absorbance maximum. However, it was
found that impurities in mCP did not contribute significantly to
absorbances at 578 nm, the wavelength of the I2 absorbance
maximum.
In order to ensure the accuracy and precision of spectrophoto-
metric pH measurements, the issue of indicator impurities must be
carefully addressed. Liu et al. [60] described high performance
liquid chromatographic (HPLC) procedures for purifying mCP and
reported the physical-chemical characteristics of purifiedmCP over
a range of temperature and salinity. After purification, character-
izations of thermodynamic equilibrium constants and absorbance
characteristics of purified mCP are independent of dye source.
However, HPLC purification is labor-intensive relative the daily
yield of purified indicator. Therefore, Patsavas et al. [61] developed
flash chromatography procedures to more efficiently produce large
batches of purified mCP and cresol red, preferred indicators for
direct water column determinations of seawater pH. The physical-
chemical properties of purified cresol red were then characterized
[62] with respect to dependencies on salinity and temperature.
Cresol red is suitable for measuring "acidified" seawater with pH of
6.8e7.8, making it relevant for measurements in oxygen minimum
zones, hydrothermal vent fields [51], controlled laboratory studies
[62], and future conditions generated by ocean acidification. Re-
searchers from other groups have subsequently used similar pro-
cedures for producing purified mCP. Physical and chemical
characterizations of purified mCP have also been determined in
saline and hypersaline media at sub-zero temperatures, forming a
basis for accurate pH measurements in polar water and sea ice
brines [63].
Though much effort has been devoted to producing purified
indicator, it is still not produced commercially and is only available
in relatively small amounts from several academic laboratories (e.g.
Dr. Byrne's lab in University of South Florida, Dr. DeGrandpre's lab
in University of Montana, Dr. Loucaides's lab in University of
Southamption, Dr. Achterberg's lab in GEOMAR, etc.). Therefore, the
cost of purified mCP may limit some researchers' abilities to obtain
sufficient quantities. One solution might be collaboration with
companies or national laboratories (e.g. National Institute ofStandards and Technology) to produce batches of purified indicator
at industrial levels [64]. In cases where sufficient quantities of
purified indicator are not available, Douglas and Byrne [65] pro-
posed a straightforward method to improve measurements made
using unpurified mCP. For a particular lot of unpurified mCP, the
absorbance contribution of indicator impurities at 434 nm can be
determined. Corrections for impurity contributions can then be
mathematically applied to pH measurements obtained with an
impure indicator. Measurement accuracy can be substantially
improved after correction: improvements on the order of 0.005 at
low pH (~7.25) and 0.01 or more at higher pH (~8.25). This protocol
offers a simple user-determined correction for improving the ac-
curacy of pH measurements using unpurified mCP, and similar
procedures can be applied to pH measurements obtained with
other unpurified indicators. Finally, the procedures of Douglas and
Byrne [65] can also be used to identify and select unpurified in-
dicators with the lowest available levels of impurities.
2.4. Sample collection and storage
For coastal samples and samples from ocean aquaria and cul-
tures, high biomass and heavy particle loads may interference with
pH and DIC measurements. In order to ensure more consistent and
reliable carbonate chemistry measurements for high-turbidity
samples, Bockmon and Dickson [66] developed a filtration
method in which, prior to analysis, sample seawater was pumped
through a replaceable 0.45 mm filter using a peristaltic pump. The
positive pressure pumping minimizes bubble formation and
thereby the potential effects of gas-exchange on sample pH. This
filtration procedurewas applied to samples in high turbidity and/or
high biologically productive regions, substantially broadening the
applicability of spectrophotometric pH measurements.
The frequency of occasions in which seawater samples need to
be preserved and stored for later pH analysis at land-based labo-
ratories has been increasing. Therefore, to evaluate the effect of
sample storage on pH analysis, Chou et al. [67] conducted a com-
parison experiment between field and laboratory pH measurement
of 88 seawater samples collected on the East China Sea shelf. The
on-board measured pH value was statistically higher than the later
measured onshore pH value with an average difference of
0.0052± 0.0057, which is within the uncertainty of the pH mea-
surement for authors’ method. The authors suggested that
seawater samples can be stored for pH analysis for a period of at
least 20 days after the addition of HgCl2, which is similar to the
sample storage protocol for TA and DIC. However, the addition of
HgCl2 solution may create perturbation and other effects that in-
fluence the accuracy of pH measurements. As such, it is strongly
recommended that pH measurements be completed onboard as
soon as possible after sampling.
2.5. Custom made instruments for pH measurements
2.5.1. Manual operation
Until recently, most manual high-precision spectrophotometric
measurements of pH or carbonate have been based on use of
commercial benchtop instruments, such as the HP8453 from Agi-
lent. These spectrophotometers are highly sensitive and stable, but
are also relatively expensive and potentially cumbersome for
fieldwork. Recently, two simple and low-cost custom-made in-
struments were developed for manual pH measurements.
Yang et al. [68] developed a LED based photometer, with a
hundredfold reduction in cost relative to benchtop spectrophoto-
metric systems. The photometer uses a high-sensitivity light-to-
voltage integrated circuit as a detector, two LED light sources, and
an open-source Arduino microcontroller for system control and
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narrowband spectrophotometer, this simple broadband instru-
ment achieved pH measurements with ±0.01 accuracy and a pre-
cision of ±0.002. Field data obtained in Gulf of Mexico and
monitoring in an aquarium showed results consistent with stan-
dard methods based on use of a bench-top spectrophotometer.
Okamura et al. [69] developed a spectrophotometric instrument
similar to that of Yang et al. [68]. The light source consisted of three
LEDs, and molar absorption ratios for mCP were used instead of
simple quadratic relationships [68] for converting broad-band
absorbance ratios to narrow band ratios. Both buffer solution and
seawater samples were analyzed. However, the reference method
was based on a carefully calibrated pH electrode which might
create problems associated with liquid junction potentials and,
thereby, poorer performance than a purely spectrophotometric
method.
2.5.2. Automated instruments for discrete and continuous-flow
analysis
Automated shipboard analysis is essential for obtaining data
with spatial and temporal resolution sufficient to resolve natural
and anthropogenically-driven carbonate system variations. Auto-
mated systems should ideally have high analysis rates for highly
dynamic coastal environments, long-term stability, ease of instal-
lation and operation, low hardware cost, and facile integrationwith
different platforms [46]. Several generations of analyzers have been
developed. Analyzer performance can be described based on use of
different flow techniques [70].
2.5.2.1. Flow injection analysis (FIA) mode. In FIA mode, pH indi-
cator is injected into a seawater sample and mixed as the sample
proceeds through a mixing cell prior to entering a flow cell where
absorbance is measured. Bellerby et al. [71] pioneered automation
of spectrophotometric seawater pH measurements. A typical
reverse FIA configuration, using a peristaltic pump and an injec-
tion valve, resulted in a shipboard precision of 0.005 pH units.
Syringe pumps can overcome the main shortcomings of peristaltic
pumps, including unstable flow and high frequency of tubing-
replacement. Friis et al. [72] and Abmann et al. [73] used similar
fluidic manifolds with a syringe pump, instead of the combination
of a peristaltic pump and injection valve, to inject small volumes
of indicator into seawater. With a microfluidic manifold, Rerolle
et al. [74] reduced the indicator volume to 12 mL/sample, whereby
30mL of stock indicator can be used for a month-long cruise [75].
Recently, a flow through system with low sample and indicator
consumption has been marketed by KM-Contros (CONTROS
HydroFIA pH). However, in FIA mode, measurements were based
on flow-through detection at non-equilibrium conditions because
mixing was not complete. For this incomplete mixing mode, pH
measurement algorithms should be modified and explicitly
differentiated from cited methods that involve the use of bench-
top instruments [20].
2.5.2.2. Continuous flow analysis (CFA) mode. Tapp et al. [76] re-
ported a CFA based method for measuring pH with high temporal
resolution. Using peristaltic pumps, samples and reagents were
combined in a 50:1 ratio in a custom-designed Pyrex glass mixing-
joint. Because of the relatively large dilution of the sample by the
indicator (~2%), perturbation corrections were directly evaluated.
The method showed good laboratory precision (0.0007) and ac-
curacy (0.002e0.005). The same fluidic manifold was utilized by
Ohline et al. [77] with improved precision. These authors fitted the
entire spectrum of thymol blue in seawater from 400 to 900 nm
rather thanmeasuring the absorbance at only two or three points of
the spectrum. In theory, the full-spectrum modeling enables areduction in signal to noise over other techniques. However, using
off peak absorbances can also create systematic errors because of
small wavelength calibration problems. An "at sea" short-term
precision of 0.00086 was obtained, which is twice the impreci-
sion obtained using two-wavelength measurements [20]. Similar
field precision (0.0008) was obtained by Wang et al. [78] with a
multi-parameter inorganic carbon analyzer (MICA). A comparison
of their MICA measurements with field measurements obtained
using standard methods showed that pH agreement was
0.0012± 0.0042. A 15 cm flow cell pathlength was used to reduce
the reagent/sample ratio to 1:700, thereby minimizing perturba-
tion effects. It should be noted that MICA observations included
measurements of other parameters (fCO2 and DIC) that were ob-
tained using sulfonephthalein absorbance ratio measurements
along with sample pretreatment (e.g., acidification and equilibra-
tion across a gas permeable membrane). Because MICA measure-
ments included three parameters, internal consistency was
evaluated by comparing measured discrete TA data with values
calculated from the measured fCO2-DIC pair and the pH-DIC pair. A
mean difference of 3.0e3.2 mmol kg1 with a standard deviation of
6.8e6.9 mmol kg1 was obtained. The errors of these calculated data
are several times higher than the error of directly measured TA
(~2 mmol kg1). The internal consistency of carbonate system
measurements and calculations should be improved with purified
pH indicators.
For analysis in CFA mode, the sample and indicator are thor-
oughly mixed and high frequency sampling is possible (>60 h1). A
reference with only sample (no indicator) in the flow cell should be
taken periodically (e.g., hourly) to evaluate and reduce baseline
drift.
2.5.2.3. Flow batch analysis (FBA) mode. Bellerby et al. [79]
described a new autonomous instrument named AMpS (automated
marine pH sensor). For analysis with AMpS, a sample is added to a
large flow cell and indicator is added and mixed in the cell with a
stir bar. The AMpS instrument was compact and portable, with an
on-line precision of 0.001 and an estimated accuracy better than
0.004. After more than a decade, Reggiani et al. [80] modified AMpS
using modern micro-technology to develop a updated version of
AMpS. Four LEDs were used as the light source, and use of a mini-
CCD UVeVis spectrophotometer and detector minimized the size of
the measurement module. Recently, Reggiani et al. [81] further
evaluated the system and deployed it alongside an underway
seawater sampling system (i.e. FerryBox on ships of opportunity).
Field-based observations along the Norwegian Costal Current in the
winter, spring and summer of 2015 were reported. Both Bellerby
et al. [79] and Reggiani et al. [80,81] utilized flow-cells with a stir
bar for mixing, creating a need for relatively large sample volumes.
The systems are not thermostated, whereby measurements are
obtained at in situ temperatures.
Carter et al. [82] described a fast and precise automated pH
measurement system requiring little operator interaction and
achieving a precision of 0.0004. The system, which consists of an
Agilent 8453 spectrophotometer outfitted with a 10-cm custom
cylindrical jacketed flow cell, has been used for more than 5000 at-
sea measurements. Hammer et al. [83] investigated the instrument
of Carter et al. [82] for analysis of Baltic Sea water samples with a
wide salinity range (035) and a pH as low as 7.0. A similar FBA-
based pH analyzer has been recently marketed by Apollo SciTech
(AS-spec-pH1).
FBA-based automated pHmeasurements have the advantages of
both FIA (e.g. frequent baseline check and low sample volume) and
CFA (e.g. through mixing and detection at equilibrium conditions),
making FBA highly suitable for shipboard analysis. A robust pro-
totype FBA based pH analyzer with lower sample and reagent
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sity) and will be described in the future.
2.5.3. Autonomous in situ analyzers
Similar to shipboard analyzers, autonomous in situ analyzers can
also be classified as belonging in either FIA mode or CFA mode. It
should be noted, however, that there have been no reported FBA-
mode in situ pH analyzers.
2.5.3.1. CFA mode. In 1996, Waterbury et al. [84] reported the first
in situ demonstrative pH profile obtained using spectrophotometric
detection and thymol blue as the indicator. This systemwas further
modified and applied on a buoy in the North Pacific with the name
“SEAS” (spectrophotometric elemental analysis system) [85].
Seawater pH was measured once every 3 h for a period of 1 month.
The authors primarily focused on a description of instrumental
characteristics, without a specific description of data quality. Not
until 2006 did Liu et al. [86] comprehensively evaluate the per-
formance of the SEAS-pH analyzer and describe the principles of in
situ pHmeasurements in seawater. The in situ precision of SEAS-pH
was assessed as 0.0014 and the measurement frequency was
approximately 0.5 Hz. Therefore, very high-resolution vertical
profiles could be obtained when the SEAS-pH sensor was deployed
with a CTD sampler.
Nakano et al. [87] developed systems capable of obtaining in situ
pH and fCO2 profiles to >1000m. The pH precision was 0.002 and
the difference between profiler data and discrete bottle data was
0.002 ± 0.005 (n¼ 25). However, the vertical resolutionwas similar
to that obtained in discrete CTD sampling, and the complex pro-
cedure involving TA and DIC calculations to correct for the indicator
perturbation effect might have introduced additional errors in
calculations. Wang et al. [88] developed an in situ Channelized
Optical System to provide high-resolution, simultaneous mea-
surements of pH and DIC in seawater. The pH channel allowed rapid
measurements due to the flow-through mixing design. During
laboratory tests and a three-week period of field deployment, this
system showed a precision of 0.0010 and an accuracy of 0.0024. In
summary, CFA based analyzers have potential for high resolution
observations, including use on vertical profilers for examination of
rapidly varying process that occur during extreme events (e.g.
storms, blooms, etc.). High power requirements and reagent con-
sumption might limit the deployment durations of such analyzers.
2.5.3.2. FIA mode. Dr. DeGrandpre's group contributed significantly
to the development of FIA based in situ pH analyzers with an in-
strument named SAMI (Submersible Autonomous Moored Instru-
ment) that was commercialized by the Sunburst Company. Martz
et al. [89] described the original version of SAMI-pH involving a
three-way solenoid valve and a solenoid pump to create an FIA-
type fluidic manifold. During an 8-day river deployment, the rela-
tive accuracy of in situ data, based on comparisons with laboratory
measurements of collected samples, was 0.003± 0.004 (n¼ 16).
After optimization of the pH indicator concentration, flow cell
design, detection system and mixing configuration, the perfor-
mance of a newer version of SAMI-pHwas described by Seidel et al.
[90]. The precision improved from0.004 to 0.0007 and the accuracy
improved from0.0030 to 0.0017. Two SAMI-pH instruments were
deployed for 22 days and the average offset was 0.0042 ± 0.0126
(n¼ 883), with the observed precision primarily regulated by the
large spatial and temporal variability at the site. Very recently, Lai
et al. [91] evaluated the performance of SAMI-pH and SAMI-pCO2
during month-long to one-year deployments. Rather than using a
commercial photodiode array or a CCD spectrophotometer, the
detection system of SAMI-pH consists of individual photodiodes
with a custom-made amplification circuit. With a ~500mL reagentbag and a battery pack of 8 alkaline D-cells, the instrument's low
reagent consumption and low power LED light sources allow ~8500
measurements per deployment. Recently, Gonzalez-Davila et al.
[92] presented the results of a one-year study obtained using a
commercial pH analyzer (SP101-SM from Sensorslab) in the Aegean
Sea. A seasonal pH change as high as 0.2 pH was observed,
demonstrating the utility of long-term monitoring.
2.6. Application for samples other than seawater
Spectrophotometric pH measurements of open-ocean seawater
are simple, rapid and highly precise, and have proven to be quite
valuable in marine CO2-system characterizations. Accordingly,
spectrophotometric pH measurements are increasingly likely to be
used for applications in freshwater, in coastal areas with highly
variable salinity, and for samples at extreme environmental con-
ditions (high pressure and high CO2 concentrations) [93].
2.6.1. Freshwater and brackish water
Freshwater and coastal water pH is routinely measured with pH
electrodes, which are problematic with respect to both accuracy
and reproducibility [94]. Electrode-based pH data can introduce
errors in modeling of carbonate equilibria and evaluating long-
term trends in aquatic ecosystems [95]. Freshwater measure-
ments are normally performed using electrodes calibrated on the
NIST pH scale. Seawater measurements are based on the total pH
scale, but the composition of Tris calibration buffers necessarily
departs significantly from diluted seawater at low salinities (see
detailed discussions in Ref. [96]). Observations at the junction of
these two pH scales have significant uncertainties with respect to
measurement interpretation and the internal consistency of CO2
system calculations.
The principles of highly accurate spectrophotometric pH mea-
surements for low salinity samples are similar to those for open-
ocean samples, as described in Section 2.1. Both manual operation
[95,97e99]), and instrumental in situ analyses [100] have been
used. Most published freshwater pH measurement results are
based on use of unpurified indicators. Lai et al. [101] characterized
and compared two purified indicators, mCP and phenol red, under
low ionic strength conditions.
2.6.2. Samples measurements at of critical conditions
Geological storage of CO2 is regarded as an important option for
mitigating anthropogenic emissions of CO2 to the atmosphere from
point sources. Accordingly, in situ pH measurements are needed to
monitor water chemistry at geological CO2 sequestration (GCS)
sites, where CO2 dissolution will decrease the pH of water/brine
reservoirs. Because temperatures and pressures in CO2 reservoirs
are generally greater than the critical point of CO2 (31.2 C and
7.38MPa), accurate spectrophotometric pH measurements are
highly challenging [102,103]. Shao et al. [102] utilized bromophenol
blue to measure pH in laboratory experiments under GCS-relevant
conditions. The method was tested in simulated reservoir fluids at
different temperatures, pressures, and ionic strengths. Mito et al.
[103] utilized a mixture of bromocresol green and mCP for mea-
surements of pH between 3 and 9, and the method was assessed at
pressures up to 20MPa for potential application in a variety of CO2
reservoirs. Because of uncertainties in the thermodynamic prop-
erties of indicators under GCS conditions, the pH uncertainties of
these methods (0.22e0.25 [102] and 0.12 units [103]) are much
larger than for similar applications in natural water samples.
3. Spectrophotometric determination of carbonate ion
Carbonate ion concentrations can be measured via observations
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based on the competitive complexation of Pb with chloride ions
and carbonate ions in seawater [104], and is quantitatively
described with the following formation constant [35]:
b1 ¼
h
PbCO03
i
h
Pb2þ
ih
CO23
i (7)
where b1 is an equilibrium constant that is functionally dependent
on temperature, salinity and pressure. [Pb2þ] represents all forms of
Pb(II) excluding PbCO0 3 (i.e., including free Pb2þ and chloride
complexes, PbClX. The ratio of absorbances measured at wave-
lengths 234 and 250 nm can be used to determine carbonate ion
concentrations in a manner that is independent of the total dis-
solved lead added to solution:
R¼A250
A234
¼ 250
εpb þ 250εpbCO3  b1 
h
CO23
i
234εpb þ 234εpbCO3  b1 
h
CO23
i (8)
where 234εPb and 250εPb are the molar absorptivities of [Pb2þ]T
measured at wavelength 234 and 250 nm, and 234εPbCO3 and
250εPbCO3 are PbCO0 3M absorptivitiesmeasured at wavelength 234
and 250 nm. Pb(II) absorbance spectra in seawater at salinity 35.7
and a temperature of 25 C are shown in Fig. 2(b) for a range of
carbonate ion concentrations.
Equation (8) can be rearranged and expressed as:
log
h
CO23
i
¼ log

b1
e2

¼ log

R  e1
1 Re3=e2

(9)
e1 ¼ 250
εPbCO3
234εPbCO3
; e2 ¼ 250
εPb
234εPbCO3
; e3 ¼ 234
εPb
234εPbCO3
(10)
where e1, e2, e3 are ratios of the molar absorptivities of 250εPbCO3 and
234εPbCO3, 250εPb and 234εPbCO3, 234εPb and 234εPbCO3, respectively.
This method has been iteratively refined through both labora-
tory investigations and field measurements on research cruises
[36e39]. Easley et al. [36] reported the first direct at-sea mea-
surements of [CO32] and calcium carbonate saturation states using
Pb(II) UV absorbance spectra in the Arctic and the North Pacific
Oceans. Patsavas et al. [38] improved the spectrophotometric
[CO32] algorithms, based on [CO32] calculated from pH and DIC
measurements obtained during a NOAA coastal ocean acidification
cruise (GOMECC-2, the second Gulf of Mexico and East Coast Car-
bon cruise). Minor changes in the coefficients and inclusion of the
perturbation correction produced carbonate ion values in excellent
agreement with calculated data obtained using pH-DIC pairs over a
concentration range of 73e258 mmol kg1. The new algorithm has
been tested on three subsequent research cruises in the Gulf of
Mexico. Residuals were randomly distributed, and the average
offset between measured and calculated [CO32]
was 0.92± 5.33 mmol kg1. Subsequent to these developments,
Fajar et al. [37] assessed the reliability of this methodology in the
Atlantic Ocean and the Mediterranean Sea. Measurements of
[CO32] along the Atlantic Ocean showed high consistency with
[CO32] calculated from the pH-TA pair, and a negligible bias
(0.4± 3.4 mmol kg1). In the warm, salty, high alkalinity and high
pH Mediterranean, the spectrophotometric method under-
estimated the measured [CO32] (an offset of 4.0± 5.0 mmol kg1),
with offsets positively correlated with salinity. This UV method
requires careful wavelength calibrations of spectrophotometers in
order to account for small but significant instrumental differences.
Subsequently, based on historical cruise data, Sharp et al. [39]provided a set of empirically-fitted parameters for processing
future and historical [CO32] absorbance data. After correcting for
instrument-dependent wavelength offsets, the average [CO32]
difference between measured and calculated values was reduced
from 3.7 mmol kg1 to 0.7 mmol kg1, well within the standard de-
viation of the measurements (1.9 mmol kg1). Recently, the appli-
cable range of this methodology was extended from a single
temperature (i.e. 25 C) to a temperature range of 3e40 C and
salinity range of 20e40 [40], which allows measurements to be
carried out with temperature observations rather than temperature
control, thus decreasing instrumental complexity/cost and
providing a more practical protocol for in situ measurements.
In order to obtain carbonate ion data with higher spatial and
temporal resolution, Shangguan et al. [41] developed a novel, low-
maintenance, automated analyzer for robust [CO32] measurements.
The analyzer was used to continuously monitor carbonate ion
concentration variations in a 2500 l coral reef tank for five days (test
1, n¼ 1659), and also for shipboard underway and vertical profile
analysis during a 13-day cruise (test 2, n¼ 3101). The analyzer
attained a combined uncertainty of 3.0%, whichmeets the “weather
level” goal of the GOA-ON [18]. This analyzer has also been used for
underway analysis of carbonate ion concentrations in Gulf of
Mexico and US East Coast waters (detailed information will be re-
ported in a separate research paper).
4. Perspectives
Numerous studies have demonstrated that spectrophotometric
determinations of pH and carbonate concentrations are well-suited
to investigations of the marine environment (e.g. ocean acidifica-
tion research). Fig. 3 shows field data for different applications,
such as underway analysis, in situ vertical profiles, long-term
monitoring on buoys, etc. Selection of spectrophotometric instru-
mentation ultimately depends on user constraints and deployment
conditions. The major distinctions between different systems
include light sources, mixing modes, pathlength of flow cell, tem-
perature control options, sample analysis frequency, deployment
platforms, and mixing ratios of sample and reagent (Table 1). Very
recent applications of spectrophotometric pH measurements for
non-aqueous samples highlight the versatility of this methodology
[105,106].
4.1. Quality control
Unlike TA and DIC, there is no certified referencematerial (CRM)
for pH measurement of natural seawater. Tris buffer or calculated
pH values from the TA-DIC couple are commonly used for quality
control of pH measurements. On the contrary, measurements with
purified indicator can actually provide an indication of the quality
of buffers [22,96,107e114].
Different pH indicators have been used for seawater analysis,
but direct comparisons of analytical results for the same sample
using different indicators are rare. Lai et al. (2016) [101] compared
two indicators for measurements of freshwater pH. Additional
work should be performed in coastal and open ocean waters
comparing results obtained with multiple types of indicators,
especially in areas with a large pH range.
Spectrophotometric methods for pH and carbonate ion mea-
surements are very straightforward. However, data quality largely
depends on operational details. Such details include, for example,
(a) careful measurement of salinity and sample temperature, (b)
periodic assessment of the wavelength calibration of spectropho-
tometers, (c) assessment of spectrophotometer absorbance line-
arity over the applicable range of absorbance measurements, (d)
frequent assessments of measurement repeatability/precision, and
Fig. 3. (a) Four SEAS-pH profiles measured by two SEAS instruments in the Gulf of Mexico [86], with permission of Elsevier. (b) pH at in situ conditions and fCO2 computed from the
pair pHT,is and total alkalinity/salinity relationship [92], with permission of Elsevier. (c) In situ measurements of the CHANOS sensor along with discrete measurements of DIC and
pH at the WHOI Iselin dock [88], with permission of ACS publications. (d) Map of surface water pHtot in European shelf waters determined during research cruise D366 [74], with
permission of Elsevier. (e) Field observations of carbonate ion concentrations at sea [41], with permission of Elsevier.
J. Ma et al. / Analytica Chimica Acta 1081 (2019) 18e31 27(e) assessments of accuracy or internal consistency.4.2. Methods evaluation
Based on experimental data, theoretical calculations, and liter-
ature resources, DeGrandpre et al. [19] comprehensively evaluated
potential sources of uncertainty in spectrophotometric pH mea-
surements. Primary sources of uncertainty originate from indicator
impurities, wavelength inaccuracy, and absorbance errors attrib-
utable to low quality or poorly functioning spectrophotometers.
Detailed descriptions of pH measurement procedures [19] provide
useful insights for improving future research.
Evaluation and inter-laboratory comparisons for measurements
of pH and other parameters are important for assessing the level of
accuracy achieved using current measurement protocols [115]. For
example, as a partnership of research institutes, resourcemanagers,
and private sector companies, the Alliance for Coastal Technologies
(http://act-us.info/) is dedicated to fostering the development and
adoption of effective and reliable sensors and platforms for use in
coastal, freshwater and ocean environments. Detailed testingprotocols for evaluating the performance of commercial in situ pH
sensors are available for download. The IOCCP training course on
biogeochemical sensors also provides a unique opportunity to
evaluate the performance of different commercial and non-
commercial techniques/instruments for pH measurement [116].
Comprehensive evaluation should include accuracy, precision, po-
wer consumption, ease of maintenance, biofouling resistance, and
stability in laboratory, coastal, and open-ocean environments.4.3. New techniques
With ongoing development of instrumental techniques, sensor
systems for spectrophotometric pH determinations are becoming
more portable, inexpensive and robust in harsh conditions. For
example, CCD based spectrophotometers can achieve precision and
accuracy comparable to benchtop spectrophotometers. Custom-
made electronics such as multi-wavelength LEDs and photodiode
arrays can further reduce the size and cost of spectrophotometric
pH analyzers.
It should be noted that, although spectrophotometric pH
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characteristics such as power consumption, size, and long-term
endurance still fall short of what is needed in large sensor net-
works. A new type of solid-state pH sensor incorporating ion-
sensitive field-effect transistors (ISFETs) can overcome some of
the issues encountered with traditional potentiometric pH mea-
surements [117,118]. The use of ISFET-based pH sensors (commer-
cial name SeaFET Ocean pH Sensor from Satlantic LP) is rapidly
increasing worldwide because of its ease of use and good perfor-
mance in seawater [119e127]. However, the lengthy pre-
deployment conditioning process (from hours to days), and crit-
ical storage requirements (storage in seawater, continuously pow-
ered for 5e10 days prior to deployment) for ISFET-based sensor
deployments, can be troublesome. In the future, an ideal in situ
system for long-term deployments maybe be formed by a com-
bined ISFETand spectrophotometric sensor system, providing high-
frequency ISFET measurements with additional lower frequency,
highly precise and accurate in situ spectrophotometric calibrations
[128,129].
Unlike previous reported solid-state optical pH sensors [130],
which are not practical in saline samples, there has been recent
progress using immobilized fluorescence indicators for seawater
applications [131e134]. Some researchers have also modified
traditional pH electrodes to eliminate differences in liquid junction
potentials, which may promote the accuracy and precision of
seawater pH measurements [135e137]. Reagent-free techniques
are highly desirable and potentially very useful for long-term pH
monitoring. After drift and stability problems are resolved,
comprehensive evaluation of performance for in situ analysis of
seawater will be essential.
4.4. Carbonate ion as the fifth parameter
Previously, four parameters have been used for describing
environmental carbonate systems. Recent developments allow
carbonate to be considered as the fifth parameter. Shangguan et al.
[41] reported the first automated carbonate ion measurements
with two-weeks of underway data. Sharp and Byrne [40] extended
spectrophotometric detection of carbonate ions in seawater to
wider temperature and salinity ranges, which represents a signif-
icant step toward the development of automated on-line or in situ
[CO32] sensors/analyzers. They also quantitatively evaluated the
propagated uncertainties in CO2 system calculations based on
measured [CO32] as an input variable. Results showed that DIC and
TA were the most suitable measurable variables to pair with
measured [CO32] as input to such calculations. These developments
promote the utility of [CO32] as a fifth measured variable for in-
clusion in studies of the marine carbon dioxide system.
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